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l>MC>SPHQlilESCl£NC£ 



CibiLluu cilergy of the collective jmotion ofihe iji- 
teraciing atoms vibraiiiQg aboui il»c5r cquiJibriuin 
pojsirions. 

The phoiiOQS have dcfiniic enei^es, given by 
the product of Flanck's conswni timea ilieir respec- 
live freqviejicies. Since* phoncjuj: also corres]iond, 
resp«!;r.iively. to definii^ l^'<lvele^gtlls. they also pos- 
sess deiinkc: wnvc numbers that define wave vectors 
once dirpction of wve propagaiioo is specified, 
'i"liL* pJioiloils' wavd vtittoi's pJay the roJe of quasi- 
mwnenrum vector? when rouhiplied by Planck's 
co35Stant divided by 2k. The definite phonon qussi- 
momeinta and their corresponding energies thai 
spun a spectrura form i,he basis for a particle-like 
description of these phonon exciiaiions that mfike 
up tlie vibrsiuoiial enerjry levels of Uiit cryscdline 

T3ie parcicle-like properties of die phonon exci- 
tations readily Isnd themselves to explsinadDns of 
die ibcrwiodynamic properties of solids, and also 
the solid's crApadties lo conduct heat and elecUic- 
jty. The contribimoo to the heat capacity- of a C175- 
talline solid firom die latiicc vibfadoos CWQ be 
viewed as arisiijg from tl^e thermal excitation of 
partide-like phoiiotts of different energies. Since 
lattice imperfections will aJways be prcsenit in a ay^ 
lal to some extent, die propagation of phonons may 
be jntcrrrupted and Qicy can dien be scattered ei- 
dier -widi some loss of energy or alteraiion in dh'ftc- 
tioii of propagation, or borh. Such Kcatteringr of 
plipwons: as diey travel from a hotter region of die 
cijstal, "where tliey ai-e more numerous, to a cooler 
rfgioii, where fewer are excited, serves 10 Uroit the 
)-sitc pf transport of phoiion energy and therefore 
Qit diermal coi'Jd'ucti\'ity of die lattice. In a aystal 
diat coniaijis conduction ekcrroos. the phoxjons 
msn' scatter the electrons and limit ilie ability of an 
applied electric field to cause the conduction of 
electricity. 

i'cc tzlso: C0MD1SN5Et> Matter Physics; OstaLLATOK. 
Harmonic 
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PHOSPHOBESCENCE 



Sonic niHcerials hwniiiescc — diai is, <»mit light — 
when chey are subjectetl to nn exciting source (pho- 
tons, clcca-ons, tie). If die maicriul continues to 
luminesce nOer tht^ exciting souixe is removed, ii is 
exliibiting either phosphorescence or fluorescence. 
If d-i* lime it talces die -afterglow" to dim depends 
on. die lenipcraiurc o[ die material, die material is 
phosphoresctenL In gcijcml, die dcicsy time de- 
a-cases widi increasing te.nipe.n»T,x}re, If the afterglow 
dccfiy time is indcpwidcxit of lernperALurc, die ma- 
lerial is fluorescent. 

Fluortescisjicc HritJ pliospJioresccnctf are quaiiiuni 
efCectSf An atom diat i.s excited by <i photon into an 
elevated energy siaie may decay to the lower smi^ \na 
some inu:nnedjaie state (see Fig. 1). The photons 
emitted in tbi* decay -will have an energy lower than 
di'Au Of llie incident photon. 

Another slgnificani difiference between phospho- 
rescence and f1uore."!cence is their respective decay 
tinics. Axt excited atom in a fluorescent material de- 
cays to its ground state in nboul 10* second, whereas 
Bzi excited atom of a phosphorescent material may 
remain in an excited metastable state for several 
hours. 

A common n?echan.ism of phosphorescence oc- 
cui-s when electrons or holes are ."setfree b)- die exd- 
tadon and trapped by latdce defects. The decu-ons 
or boles are dien relcajscd ixom Uiese traps hy ther- 
mal vifaradons in Che lattice and recomljjnc with 
oppositely charged carriers and emit a photon.. 
The intemnedjate state showfli i» Fig. 1 represents 
the state of die system wjth the electron or hole 
a-apped. 
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Emission processes (1) 



4.3 Lumin«sceoce 

The cmmion of radiatjpn from excited species is one of the several paths by 
wJiich the excess energy may be lost (path vi. Fig. 1.1); the general phenom- 
snon of light emission from eltctronically excited species j?; Iciiown as hitmne- 
scifiTice. in this chapter and the next we shall discaiss luminescent procCwSSes, 
First, simple lumincscBnt phejaomcna are considered, and then, m Chapter 5, 
sensiiizad luminescence is described: th.<iliLtter process involves </ii£77noIecuiar 
energy transfer (path iv, Fig. LI) and dectronic excitation is produced in 9. 
species other than the one that way initially escitBd, //j^r/Miolecular energy 
transfer, which populates a different .vtate of the same species, is discussed in 
the present chapter. 

Luminescent emission, provides some of the most reliable information 
about the nature of primary photochemical processes. Compctitioii exists 
between emission and other fates of excited species (quenching, reaction, 
decomposition, etc.), and the dependence of emission intensity on tempera- 
ture, reactant concentrations, etc., may yield valuable data about the nature 
and efficiencies of the vadou,s processes. In particular, quenching by bi- 
molecular collisions, and unimolecular energy degradation by radiationless 
transitions, arc almost always best stndied in tenns of their effect on the 
intensity of luminescence. As well as possessing this fundaroental interest. 
Inxninescent phenomena are also of considerable importance in several 
commercial and scientific applications, and an example will be given in 
Section 8.11, 

The various individual luminescent phenomena arc named according to 
the mode of excitation of the energy-rich species. We are concerned primarily 
with excitation by absorption of radiation, and emission from species excited 
in this way is referred to as fluorescence or phosphorescence: the distinction 
between the two processes is discussed below. Emission following excitation 
by chemical reaction (of neutral or charged species) is known as chemtlumi- 

msmmc. and is teribed briefly in Scciion 4.7. Qtljcf mw <?! Pf9Yl^in| 
electronic excitation, which will not be discussed furth(»:, arc by heat (eg. 
in N02^pyroIuminescence)^ by an electric field (eg, in solid 2LnSr— electro- 
lumin£scence\ by electron impact in gases? (e.g. in discharge lamps), by 
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electron impact oa solid phosphors (e,g. in television tubes — cathodo- 
luminescence), by crushing crystalis (e.g. uranyj nitrate — tnholuminescence), 
and by rapid crystaliizatiot» From solution (e.g. sirontium bromate- -crystallo- 
luminescence). Although w« shall have occasion to refer to ihe luiuinescence 
of substances trapped in rigid glas-ses, we shall omit general discussion of the 
luminescence of solids. The emission of radiation from s.o\i^, especially 
inorganic compounds, is a complex phcoomenon, but of Ihe greatest 
importance (e.g. colour television requires inorganic phosphors possessing 
emissions of specific colours and intensities). For an introduction to such 
luminescence, the reader is referred to Chapter 5 of Luminescence in chemistry 
(Bibliography). 

The two emission processes in which the ultimate source of excitation is 
absorption of radiation — fluorescence and phosphorescence— were orig- . 
inally distinguished in terms of whether or not there was an observable 
'afterglow'. Tliat is, if emission of radiation continued after the exciting 
ra-diation was shut off, the emitting species was said to be phosph orescent, 
while if emission appeared to cease immediately, then the phenomenon was 
one of fluorescence. The essential problem is what is meant by 'immediately' 
in this context, since the obsctvacion of an afterglow will obviously depend 
not only on the actual rate of decay of the emission (see Section 4.2 for further 
discussion of emissJon lirctimesX but also on the techniques used to observe il. 
Various instruments were devi.sed to obsta-vc 'short-lived' luminescence, and 
in the early 1930s a luminescence with a lifetime of less than about lO'^swas 
thought to be .short-lived and, hence, fluorescent In 1935 Jablonski Inter- 
preted phosphorescence as being emis.sion from some long-lived mctastable 
electronic state lying lower in energy than the state populated by absorption 
of radiation (cf. Section 3.5). Several workers (among them Lewis and Kasha, 
and TeTcnin) suggested that the long-lived metastablc state was, in fact, a 
triplet state of the species, and we shall see in Section 4.4, there is now 
considerable experimental evidence to substantiate this hypothesis. The long 
lifetime of the emission is a direct consequence of the Torbidden' nature of a 
transition from an excited triplet to tbs ground-state singlet; that electric 
dlpole transitions occur at all where AS#0 is due to the inadequacy of S to 
dcsscribe a system in which there is spin-orbit coupling (cf. Section 2.6). 
Extension of this idea to other systems, not necessarily triplet-singlet, in 
which AS ^ 0 leads to the useful definition of phospbore-scence as a radiacine 
transition beWeen slates of different multiplicities: nuorcsccnce is then under- 
stood to be a radiative transition between states of the same multiplicity. 
Figure 4.1 is a Jablon&ki diagram (see pp. 45-47 and Fig. 3.5) showing the 
processes of fluorescence fittd pbo£pnore.TOCC. BcS6 dcfilJitions are used 
almost universaily by organic jxhotochemists, although they might be ex- 
tended to include within the scope of phosphorescence cojission processes 
involving a transition forbidden by any selection rule ratber than just the 
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Fig. 4,1 Jablonski diagrdm showing absorption, and th.e emission processes of 
fluoreficeace and phosphorescencu. 



AS ^ 0 rule. Since the distinctions between allowed and forbidden- trajcjsitions 
are not sharp, the definitions lack some precision. 

Absorption of radiation in a singlet-tripJet iransltion is weak, since it is 
forbidden in the same way as the triplet-singlet phosphorescent emission. It 
follows that phosphorescence can only be excited inefficiently by direct 
absorption of radiation, and. phosphoresosnce is much more usually the 
result of emission from a triplet populated by iniersystcm grossing from an 
excited singlet formed on absorption. The sequence of events is illustrated in 

Fig. 4.1. Absorption populates SI; vibratioiial energy, at leasi in condensed 

pha.sBS, is rapidly degraded and S? can then lose its energy by radjation^ 
intersystem crossing (ISC) to T^, or internal conversion (IC) to So. Jt isL 
perhaps, surprising that ISC to Tl, which is spin-forbiddea by a radiationlcss 
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transition selection ruie» can compete efTeciivcIy with spin-allowed 
fluorescence and TC to Sp; phosphorescence is, however, observed in many 
systems* suggasting thai IC from Si -~»S„ is relatively inellicient, A complete 
undersianding of the photochemistry of a molecule really requires that the 
efficiencies (i.e. quantum yitlds) be known for all the proc;es.<;es occurring. 
Even if chemical reaction, decomposition, and physical quenching of an 
excited species do not occur, it is still necessary to rneasure quantum 
yields for fiuoresccnce {(p^), phosphorescence {(fi^,), intersysicni crossing 
T, — >So (0,sc) and internal conversion Sj~->Sy(0ic)- With the restrictions 
on the processes occurring, ii follows that 

t^,'-f-<^p + <;fr,sc+q!»,c=- 1 (4.1) 

(although the relative magnitudes or the four quantum yields may be affected 
by the external environment). 



4^ Kinetics and quantuin efficiencies of iimission processes 

Considerable information about the efficiencies of radiative and radiaiionlcss 
processes can bo obtained from a study of the Icinetic dependence of emission 
intensity (or quantum yield) on concentration's of emitting and quenching 
species. In this section we shall consider first the application of stationary- 
state methods to fluorescence (or phosphorescence) quenching, and 
then discuss the lifetimes of luminescent emission under non-stationary 
conditions. 

Observable effects in the quenching of fluorescence arc usuaDy the result of 
competition between radiation and bi*nolccular coilisional deactivation of 
electronic energy, since vibrational relaxation is normally so rapid, especialiy 
in condensed phases, that emission derives almost entirely from the ground 
vibrational level of the upper electronic state; thi$ point is discussed further in 
the next section. The simplest excitation-dcactivation scheme, which docs 
not allow for intramolecular radiationlcss processes, is 

rate: 

X + ^v^bB-"^* absorption J^^^ (4.2) 

X* + M--iii-X + M quenching fc,CX*][M] (4.3) 

X*-*X + /tv^,„ emission /1[X*] (4.4) 

Solution of the steaay-state equations for [X^] (i.e. WilJl d[X*]/c3[:=0) lcad5 
to the result thai 
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(S.52) 



We note that since the silver image formation, is a negative process (dark 
areas produced by exposure to light), it is also necessary to arrange for the 
'negative' or subtractivc colours to appear on developmenL The magenta 
Ltjiage formed in reaction (8.52) is a response to exposure to green Bght; 
dmilarly, a cyan dye is produced by red light, and a yellow one by blue light. 
A second negative colour process, such as printing on paper, then yields a 
positive reproduction of the original subject with the correct colours. 

8.7 FhotQcIiromism 

Silver halide photoetaphy involves the production of an csscacwially perma- 
nent optical effect by roeans of an irreversible photochemical process. The 
production of a reversible photoinduced colour change is referred to as 
photochromism. In photochromic systems, irradiation drastically alters the 
ab.$orpt3on spectrum; but when ihe irradiation source is rernoved, the system 
reverts to its original state. In some cases the reversal can be brought about 
by light of a different wavelength. The visible effect often involves the 
appearance of colour in a previously colourless material, althougii changes in 
colour — for example from red to green--are also known. 

Nximerous applications of pbotocbromic substances have been suggested, 
and some of these have eotered commercial practice Photochromic sunglasses 
and Spectades are famiEar, and. plastics incorporating a photochromic 
dye have also been used for aircraft windows that darken m bright 
.sunlight but become lighter again under less intense illumination. Various 
kinds of data storage are possible, including image storage for uses lilce those 
of photography. Very hi^ resolution is possible, and the immeciiate appear- 
ance of the image on exposure, without further treatment, is a potentially 
great advantage over other processes. A rather more frivolous application is 
in IhC manufacWIQ qI tpy dQllS Ml can be 'suntanned': a photochioraiu dye is 
used that produces a brown coloration on exposure to sunlight. 

The major difficulty in the use of materials incorporating photochromic 
xnaierials is the rapid fatigue' exhibited by most known photochromic 
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substanctis. Many of the photochromic systems reported are really able lo 
undtJTgo reversal only a limited number of times. Photochromism based on 
isouicrization (see below) offers the best prospect of good fatigue cbarsicter- 
istic5> since, with alieniative systems thai involve bond cJeavase, a very small 
lack, of reversibility soon leads to chemical decooiposition in side-reactions. 

The main mechanisms responsible for photochromic behaviour arc 
isomerization, dissodabon, and charge-transfer or redox reactiojii- Many 
hundreds of specific photochromic substances are known, a,nd a few 
examples must sufBce to illustrate how photochromiim arises, 

Many aromaiic nitro-compounds exhibit photoohromic isomerizatiom the 
process is believed to involve photoisomeriisation from the colourless nitro- 
form to the coloured aci-fornr 
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oitro-ronti aci-forin 
tt|«H, CHj, C,,Hi etc; R3=eleciron-wUhdoi-wj{ifi ftroup 

(The aci-form must also undergo some dissociation, since it is ti sirong acid.) 

Irradiation of chrgmmm hexacarbonyi in a plastic matrix (ca. 0.1 % 
Cr(CO)6) leads to the formation of a deep yellow colour as a result of 
photodissociation of the hexacarbonyL In the plastic^ CO cannot escape, and 
recombination occurs in about 4 h at room temperature: 

Ci(CO)6 ^ Cr(CO)5 H- CO (8.54) 

(lack 

Both organic and inorganic charge-transfer or redox photochromic sys- 
tems are known. A typical reversible photochemical redox reaction occurs in 
a mixture of mercurous iodide and silver iodide: 

HgsIjH-ZAgl ==i 2Hgl5 + 2Ag (8.55) 

Clafl. 

green yellow red black 

Heterolyiic bond dissociation is respon-sible for photochromlSDn exhibited 
by a large number of spiropyran derivatives 
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Photochroraic Material 

Phosphorescent 

Diarylethene(Blue) . ' ■ . Zinc Sulfide 




Photochromic Material , ' , 

- " ' Phosphorescent 

Diaryiothene(Blue) ■ / ' sulfide 
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